The purpose of this study was to examine the cognitive control mechanisms in adult English speaking monolinguals compared to early sequential Spanish-English bilinguals during the initial stages of novel word learning. Functional magnetic resonance imaging during a lexico-semantic task after only 2 h of exposure to novel German vocabulary flashcards showed that monolinguals activated a broader set of cortical control regions associated with higher-level cognitive processes, including the supplementary motor area (SMA), anterior cingulate (ACC), and dorsolateral prefrontal cortex (DLPFC), as well as the caudate, implicated in cognitive control of language. However, bilinguals recruited a more localized subcortical network that included the putamen, associated more with motor control of language. These results suggest that experience managing multiple languages may differentiate the learning strategy and subsequent neural mechanisms of cognitive control used by bilinguals compared to monolinguals in the early stages of novel word learning.
Introduction
The current study seeks to uncover how bilinguals and monolinguals differ in their ability to learn new vocabulary. Many researchers have sought to uncover the neural mechanisms required to learn both our first language as infants (Bates, 1999; Kuhl and Rivera-Gaxiola, 2008) , and a second language later in life (Bosch et al., 2000; Hernandez et al., 2005; Kroll, 1994; Meschyan and Hernandez, 2006; Perani and Abutalebi, 2005) . Very few studies, however, have specifically examined the cognitive control mechanisms needed during the earliest stages of second language vocabulary acquisition and how experience managing multiple languages may affect the brain regions employed. Current research suggests that bilinguals have an advantage in cognitive control related tasks (Bialystok, 2001; Bialystok and DePape, 2009; Bialystok and Shapero, 2005; Carlson and Meltzoff, 2008; Kaushanskaya and Marian, 2009; Waldie et al., 2009; Ye and Zhou, 2009 ). Bialystok and DePape (2009) propose that bilinguals train general and language specific control abilities on a daily basis through managing multiple languages, resulting in enhanced cognitive control across many cognitive domains. Recent neuroimaging studies support a bilingual cognitive advantage and have shown that this lifelong experience managing multiple languages increases both frontal white matter integrity and connectivity (Luk et al., 2011) . Additionally, Abutalebi et al. (2012) recently found that specific brain areas implicated in both domain general and language specific cognitive control in bilinguals are activated more efficiently than in monolinguals. Specifically, the authors found that the anterior cingulate cortex (ACC), a domain-general and language specific control region, is activated less strongly in bilinguals compared to monolinguals, suggesting more efficient use of this brain area in monitoring conflict in verbal and nonverbal tasks. Hence, this developing line of research suggests that when learning novel vocabulary, bilinguals may utilize the cognitive control network differently or more efficiently than monolinguals, who do not have the same extensive experience managing multiple languages. To test differences in the use of control mechanisms between Spanish-English bilinguals and English monolinguals during early word learning, the current study scanned subjects using functional magnetic resonance imaging (fMRI) during a difficult lexico-semantic task after 2 h of exposure to novel vocabulary flashcards. A set of targeted regions implicated by the literature in cognitive control of language was evaluated: dorsolateral prefrontal cortex (DLPFC), anterior cingulate (ACC), striatum (caudate and putamen), inferior parietal lobe, and supplementary motor area (SMA). The novel word stimuli were divided into cognates and noncognates to additionally examine if orthographic and phonological overlap modulates neural activity during this early period of learning and affects the activation of cognitive control regions. In the following sections, an overview of the neural mechanisms engaged in the early stages of novel word learning and how cognitive control significantly impacts a bilingual's ability to manage multiple languages will be provided. The latter literature clearly shows that bilinguals may possess an advantage in cognitive control processes and suggests that the added experience managing multiple languages might allow them to learn a subsequent language differently than a monolingual.
Neural activation in the first stages of word learning
Whereas previous research has focused on novel word learning in infants (Kuhl and Rivera-Gaxiola, 2008 ) and word learning after extensive training (McCandliss et al., 1997) , few studies have focused specifically on the first few hours of novel word learning (McLaughlin et al., 2004; Shtyrov et al., 2010) or the neural mechanisms that drive early second language vocabulary acquisition in adults (Raboyeau et al., 2010) who classically have greater difficulty learning a second language. McLaughlin et al. (2004) revealed that during the early stages of word learning in adults, subtle changes not yet evidenced in behavioral measures might be detectable in neural measures; event-related potential (ERP) differences suggested that individuals could distinguish words from pseudowords after 14 h of total instruction, despite behavioral measures failing to show changes at greater than chance levels. Examining the neural changes that occurred within 14 min of passive perceptual exposure to novel spoken pseudowords, Shtyrov et al. (2010) discovered a neural response to learning, suggesting that neuronal circuits may be formed or altered for linguistic events very quickly. McLaughlin et al. (2004) and Shtyrov et al. (2010) demonstrated the utility of ERP evidence in examining the immediate neural changes that occur in language learning. Other researchers have utilized alternative imaging techniques to identify the specific neural structures that underlie these rapid changes, which Catani et al. (2005) and Shtyrov et al. (2010) suggest may involve areas that extend beyond traditional language processing regions such as Broca and Wernicke's areas. Shtyrov et al. (2010) suggest that this human capability of developing large lexicons is facilitated by a network of brain regions that connect the left temporal and frontal perisylvian areas. In their examination of fiber tracts that connect classic language related regions, Catani et al. (2005) found that the arcuate fasciculus fiber distribution extends beyond what is traditionally thought of as Broca's area to include middle frontal and inferior precentral gyri, which are known to be involved in cognitive control of language functions (Abutalebi and Green, 2007) . Raboyeau et al. (2010) used event-related fMRI to examine the neural mechanisms involved in the early stages of word learning related to different word types in a group of French-English bilinguals. After exposure to picture-word pairs over five 20-minute training sessions, neural activation was seen in the left inferior frontal regions associated with lexical retrieval and phonological processing, ACC, and the DLPFC in response to monitoring and control, suggesting that even after less than 2 h of total instruction time, distinct neural patterns in response to learning can be identified. These regions extend beyond traditional temporal and frontal language related areas, and Abutalebi and Green (2007) theorize that these inferior frontal, middle frontal, and anterior cingulate regions are involved in cognitive control. Given this evidence, it is important to evaluate the selective activation of these cognitive control regions and others during the acquisition of novel vocabulary, as the networks that are involved in early word learning may be different between monolinguals and bilinguals, drawing upon areas associated with cognitive control. The current study expands on these and other studies that used longer periods of vocabulary instruction (Lee et al., 2003; McCandliss et al., 1997) by exploring how experience managing multiple languages affects the cognitive control network during early novel word learning.
Cognitive control and the bilingual executive advantage
Much of what is known about cognitive control in language comes from studies of bilinguals. Many studies have examined the neural mechanisms used by bilinguals to manage the control of multiple languages (Abutalebi and Costa, 2008; Green, 2007, 2008; Hernandez, 2009; Wang et al., 2007) . Bilingual research indicates that multiple languages share a common neural system rather than relying on separate neural representations for each language. The use of different languages is then managed by an intricate control system made up of cortical and subcortical regions. According to Abutalebi and Green (2007) , the integration of the anterior cingulate cortex, basal ganglia, inferior parietal lobe, and prefrontal cortex is responsible for bilingual language control, which is "not concerned with the representation of language but the selection and temporal sequencing of such representations" (Abutalebi and Green, 2007, p. 249) . Green (2007, 2008) and Abutalebi and Costa (2008) introduced the exploration of cognitive control mechanisms in bilinguals; however, less research has focused on the development of these mechanisms in adult monolinguals learning a new language and if these pathways may differ from those individuals already fluent in two or more languages. In order to explore the bilingual executive advantage, the majority of current research focuses on comparisons of bilinguals and monolinguals during language and non-language related cognitive control tasks. Some studies suggest that this advantage is language specific, particularly in word learning (Kaushanskaya and Marian, 2009 ), but the advantage may extend to other more general executive domains (i.e., an executive advantage) as well (Abutalebi and Costa, 2008; Abutalebi et al., 2012; Bialystok, 2001; Kaushanskaya and Marian, 2009) . Bilinguals across the lifespan show this advantage in language and non-language related control tasks that require conflict resolution, switching, and flexibility (Bialystok and Shapero, 2005; Bialystok et al., 2004) . Abutalebi et al. (2012) recently addressed differences between monolinguals and bilinguals and found that the ACC, a region involved in both domain-general and language specific cognitive control, is used more efficiently by bilinguals in both verbal and nonverbal tasks of conflict resolution. Garbin et al. (2010) also examined the brain basis of the bilingual advantage in cognitive control by comparing the neural activity of monolinguals and bilinguals during a nonlanguage switching task. Results indicated that monolinguals expressed activity in the right inferior frontal cortex and anterior cingulate, whereas bilinguals utilized the left inferior frontal cortex and striatum during task switching. All of these regions were implicated in linguistic cognitive control in bilinguals by Abutalebi and Green (2007) , suggesting that monolinguals and bilinguals may utilize the components of this control network differently due to their experiences managing multiple languages. Bialystok and DePape (2009) proposed that the advantage bilinguals have over monolinguals in cognitive control is the result of daily training of general executive abilities. That is, if these mechanisms are generalized, then training in a different domain may similarly contribute to greater development of cognitive control as well. Bialystok and DePape (2009) examined whether other intensive activities, such as musical training, could also bolster cognitive control. They hypothesized that intensive musical experience may contribute to enhanced general cognitive control mechanisms in musicians in much the same way that management of two language systems has strengthened cognitive control mechanisms in bilinguals. Bialystok and DePape (2009) concluded that much like bilingualism, musicians also showed heightened control on cognitive tasks requiring inhibition and restraint. These results suggest that regular experience with tasks that require inhibition, switching, and conflict monitoring is capable of altering, and possibly enhancing the development of certain general cognitive control abilities and support an association between bilingualism and better inhibitory and switching skills.
Although little is known about the earliest stages of learning a new language as an adult, Raboyeau et al. (2010) suggest that changes in brain activation are noted within the first few hours of exposure to novel words. Research in the area of cognitive control suggests that adult bilinguals may have an advantage over, and activate different areas than monolinguals when performing tasks requiring higherorder cognitive processes such as switching between languages and inhibiting the dominant language for a new language being learned. As such, we hypothesized that bilingual adults would utilize the components of the cognitive control network differently, possibly more efficiently, than monolinguals who do not have the same experience managing multiple languages. The current study compares activity after word learning in bilinguals and monolinguals in five prespecified regions of interest in the cognitive control literature: DLPFC, ACC, SMA, striatum (caudate and putamen) and inferior parietal cortex. The SMA, which is not specifically mentioned by Abutalebi and Green (2007) as involved in the cognitive control circuit is included in these analyses, as this area has been referenced in regard to reading in a less proficient language (Meschyan and Hernandez, 2006) and articulation and motor control in language tasks (Hernandez, 2009) . By isolating these regions, the specific control-related activity during the early stages of novel word learning during a difficult lexico-semantic task can be examined. It is hypothesized that bilinguals will excel at registering newly learned words and make semantic decisions quicker than monolinguals, due to their previous experience managing multiple languages. This study's results will help in understanding how this control network is used during vocabulary acquisition in populations that have different life experiences that may influence the development of cognitive control abilities.
Materials and methods

Participants
This study compared two groups of right-handed adults living in the United States at the time of the assessment. The first group consisted of 20 early sequential Spanish-English bilinguals (mean age = 21.75, SD = 2.38, 13 females). For these participants, Spanish was the native language, with an average English age of acquisition of 4.55 years (SD = 1.22). The second group consisted of 20 English monolinguals (mean age = 23.25, SD = 4.82, 8 females). All participants (n= 40) were assessed to be healthy and denied use of psychiatric medications. Language history was assessed through a questionnaire to ensure that within groups, participants had similar linguistic backgrounds and did not have extensive experience with other languages outside the English or Spanish proficiency requirements. Language proficiency was assessed using a modified administration of the Boston Naming Test (BNT) (Kaplan et al., 1983) and by a self-rated proficiency scale ranging from one to seven (1=poor and 7 =like a native) that assessed oral expression, listening comprehension, and reading and writing skills. The monolingual group completed both assessments in reference to their English language skills, while the bilinguals completed the BNT and the self-rating scale in Spanish and English. All participants provided written informed consent on a protocol approved by the University of Houston's Committee for the Protection of Human Subjects.
Stimuli and procedures
All participants were given a set of 100 German vocabulary flashcards and asked to learn the "new words" at their own pace. Auditory presentations of the words were not given. Participants had approximately 2 h to learn the words, and had to score 90% or higher on a paper/pencil matching vocabulary pre-test before completing the fMRI portion of the study. The 100 German nouns were split into two equal categories, cognates and noncognates, where cognates were orthographically and phonologically similar to their English translations. As a control for the experimental condition, 100 English nouns were also chosen, with all words matched on frequency, word length, number of syllables, age of acquisition, and imageability (CRL International Picture-Naming Project, Bates et al., 2000) . No German word and its English translation were presented in the same session.
The purpose of the behavioral task performed in the scanner was to ensure that the participants attempted to access the semantic representation of each word. Participants were asked to decide if the word presented was living or nonliving. By asking this question, participants would have to access the semantic representation to make an informed decision about animacy. Using an event-related paradigm, the 100 German words learned from the flashcards and 100 matched English controls were presented one at a time on a computer screen. Stimuli were presented using NEMO (Network Experiment Management Objects) software. In accordance with the eventrelated design, the German and English words were randomized, with each word presented for 500 ms followed by a blank screen, at a mean of one every 7 s. Participants were instructed to silently read each word and decide if it was something that was living or nonliving; participants had 4 s to make their decision. Their responses were recorded by button boxes held in each hand, and the designation of each box was counterbalanced across participants. An event-related presentation was chosen in order to prevent the grouping of words into categories (cognates and noncognates) to reduce the chances of predisposing participants to recognize the phonological and orthographical overlap of German cognates with their English translations. Additionally, this design was chosen to create a more naturalistic representation of how novel vocabulary is integrated into the lexicon, which is not always in an orderly and categorical (cognate and noncognate) way during the very early stages of foreign word learning.
fMRI data acquisition
Imaging data was collected at Baylor College of Medicine's Human Neuroimaging Laboratory. All subjects signed the Human Neuroimaging Laboratory's consent form and were screened for claustrophobia, health conditions, and presence of metal in the body. Prior to the scan, participants were given sound dampening headphones to reduce scanner noise, a squeeze ball that could signal the technician in an emergency, and a set of button boxes with assigned living/ nonliving designations. A mirror attached to the head coil allowed the participants to see the computer screen on which the words were presented.
Imaging data was collected using a 3.0 Tesla head-only Siemens Magnetom Allegra imager. A localizer scan assessed each participant's head position prior to data acquisition with the following parameters: voxel size 2.2 × 1.1 × 10 mm, TR = 20 ms, TE = 5 ms. High-resolution T1-weighted anatomical images were collected using a Magnetization Prepared Rapid Gradient Echo (MPRAGE) sequence with voxel size 1.0 × 1.0 × 1.0 mm, TR = 1200 ms, and TE = 2.93 ms reconstructed into 192 slices. Functional images were acquired with a gradient recalled, echo-planar imaging (EPI) sequence with voxel size 3.4 × 3.4 × 4.0 mm, TR = 2000 ms, TE = 40 ms, flip angle = 90˚, and a 64 × 64 matrix. During the functional run, 26 axial slices per volume were obtained parallel to the anterior commissure-posterior commissure (AC-PC) line.
Image processing and analysis
Data processing was done using SPM8 software (Wellcome Trust Centre for Neuroimaging, London, UK) running on a Matlab10 (The MathWorks, Inc., Natick, MA, USA) platform. During preprocessing, images were realigned for motion correction, resliced, and slice time corrected. The functional images were coregistered to align the mean functional image with the structural image, segmented, and normalized to a standard MNI (Montreal Neurological Institute) template. Functional data was spatially smoothed using a 8 mm fullwidth half maximum (FWHM) Gaussian kernel to compensate for any additional variability after normalization.
In first level processing, the stimulus presentation onsets for each condition, German cognate (GC), German noncognate (GN), and English (E) were implicitly modeled against rest in both the monolingual and bilingual groups. The motion estimates from preprocessing were included in the individual subject GLM as covariates of no interest to further control for motion artifact, which has been shown to produce results more robustly controlled for motion in event-related designs (Johnstone et al., 2006) . Using a full factorial design, all pairwise contrasts of interest were assessed (GC > E; GN > E; E> GC; E> GN) at the group level for both monolinguals and bilinguals. German cognate and noncognate conditions were collapsed together to create a total German word group (G) in the group analyses so pairwise contrasts comparing German activation to English (G> E; E >G) could be evaluated. For these analyses, a threshold of p b .001, uncorrected was used, with a minimum of 5 voxels per cluster. Activation coordinates (MNI) were provided by SPM, with anatomical labeling obtained from Anatomy Toolbox (Eickhoff et al., 2005) .
For between-groups comparisons, small volume correction (SVC) was done on the results obtained from a full-factorial ANOVA, with group (monolingual vs. bilingual) as the between-groups factor, and word type (German cognate, German noncognate, and English) as the within-groups factor. Five regions of interest were pre-specified from the cognitive control literature: DLPFC, ACC, SMA, striatum (caudate and putamen), and inferior parietal cortex. For the SVC analysis, a threshold of p, uncorrected .05, was initially used, and statistics were only reported when the peak-level threshold was familywise error (FWE) corrected to be equal to or less than .05. A sphere of 15 mm was used to localize activity around the five specified regions of interest.
Coordinates for the DLPFC were acquired from Hernandez's (2009) switching study. The Talairach coordinates (+/−40, 22, 30) were converted to MNI (+/−45, 28, 25) using GingerALE software (Eickhoff et al., 2009) . The coordinates for the SMA were also obtained from a combination of the results of Hernandez (2009) and De Bleser et al. (2003) . The switching study by Garbin et al. (2010) comparing monolinguals and bilinguals in addition to general anatomical knowledge was the source of the MNI coordinates for ACC (+/−14, 30, 30), caudate (+/−16, 10, 2), putamen (+/−16, −10, 2) and inferior parietal cortex (+/−50, −52, 54). Final peaks of activation were confirmed by anatomical labeling obtained from Anatomy Toolbox (Eickhoff et al., 2005) within SPM.
Results
Behavioral data
Language proficiency was determined from scores on the BNT. The monolinguals had an average English BNT score of 54.05 (SD = 2.93), while the bilinguals had an average score of 48.3 (SD = 4.53) in English and 33.53 (SD = 7.09) in Spanish. These English scores fell near the expected norms of Kaplan et al. (1983) (monolingual English mean score of 55.71) and Kohnert et al. (1998) (bilingual English mean score of 46.66). Similarly, the bilingual Spanish scores were also near the expected norms from Kohnert et al. (1998) (bilingual Spanish mean score of 32).
A comparison of the groups showed no significant difference in age of the participants F (1, 38)= 1.56, p = .2199; however, the groups were significantly different in their English BNT scores, F (1, 38)= 22.71, p b .0001, suggesting that monolinguals were more proficient in English than bilinguals.
Reaction time (RT) and accuracy data were recorded for the semantic decision task performed in the scanner (Fig. 1A and 1C) . The final word stimuli used in the analysis were determined based on consistency in response and rate of non-response across all 40 participants. Words were eliminated from both the behavioral and imaging analyses if the rate of non-response was greater than or equal to 30-percent. Additionally, stimuli were removed from both types of analyses when percent accuracy (right or wrong responses) fell between .4 and .7. Words within this range consistently received both living and nonliving responses and were cut due to ambiguity. In total, 25 of the original 200 words were cut (10 English controls, 8 German cognates, and 7 German noncognates). Given that all participants scored at least 90% on the vocabulary test before scanning, and all trials included in the analyses had strong consistency in living/ nonliving responses, we can be confidant that participants were activating semantic representations of words included in the analyses.
Percent accuracy data placed into a 2 × 3 repeated-measures ANOVA revealed no significant main effect of group, F (1, 38) = .096, p = .758, suggesting that monolinguals and bilinguals did not differ on overall accuracy in the semantic decision task (Fig. 1C) . There was also no significant interaction between group (monolingual and bilingual) and word type (English, German cognate, German noncognate), F (2, 76) = .703, p = .498; however there was a significant main effect of word type, F (2, 76)= 33.31, p b .0001. Follow-up comparisons, Bonferroni corrected, showed significant differences (p b .05) in percent accuracy between English and German cognates, English and German noncognates, and German cognates and noncognates. In the semantic decision task, English words had the highest percent accuracy, with 87.58% of words correctly labeled as living or nonliving (SD = 1.29). German cognates and noncognates followed with 78.10% accuracy (SD = 2.09) and 71.11% accuracy (SD = 2.92) respectively. Therefore, in general, it was easiest for participants to decide animacy for words in their more proficient language. Additionally, it was easier for all subjects to decide animacy for words that shared similar orthographic and phonological overlap with words in their most proficient language.
The pattern of reaction times according to word type was also consistent with previous literature examining the cognate facilitation effect (de Groot and Keijzer, 2000; Lotto and de Groot, 1998; Raboyeau et al., 2010) , in that English words were processed fastest (average RT for monolinguals =1472.86 ms; bilinguals= 1394.83 ms), followed by German cognates (average RT monolinguals=1977.49 ms; bilinguals= 1588.89 ms), and German noncognates (average RT monolinguals= 2306.70 ms; bilinguals=1691.42 ms) for both groups (Fig. 1A) . Reaction time data placed into a 2 × 3 repeated-measures ANOVA (Table 1) revealed a main effect of word type, F (2, 114) =23.52, p b .0001 and of group, F (1, 114) = 28.21, p b .0001. There was also an interaction between group and word type, F (2, 114)= 5.26, p b .0065. Follow-up simple effects of word type were significant for monolinguals (p b .0001) but only approached significance in bilinguals (p = .0412). For monolinguals, only differences between English words and German cognates or noncognates were significant (p b .025, α EW =.05); comparisons of German cognates to noncognates were not significant. Follow-up simple effects for group showed that bilinguals were faster in their responses than monolinguals to German cognates and noncognates (p b .017, α EW = .05), but not to English words (p = .5084). Despite being more proficient in English as indicated by their higher BNT scores, monolinguals did not make semantic decisions about English words faster than bilinguals.
To further elucidate why the full cognate facilitation effect was not significant, in addition to explaining subcortical neural activation differences between groups, a post-hoc 2 × 2 × 2 × 2 ANOVA was done to examine the effects of group (monolingual/bilingual), language (total German and English), language switch (English to German and German to English), and semantic response switch (living to nonliving and nonliving to living) on reaction time. There was a significant two-way interaction between group and language, F (1, 38) =13.389, p =.001. Follow-up contrasts, Bonferroni corrected, showed that the difference between reaction times on German words compared to English words was significant for bilinguals compared to monolinguals, suggesting that bilinguals were overall quicker at responding to German words than monolinguals. There was also a significant two-way interaction between group and semantic response switch, F (1, 38)= 10.515, p = .002. Follow-up contrasts, Bonferroni corrected, showed that the difference between response switch trials and no-switch trials was significant for bilinguals compared to monolinguals, suggesting that bilinguals were slower at managing the semantic response switch, as their reaction times increased on trials where the response switched, compared to monolinguals, whose reaction times decreased on switch trials. Lastly, the three-way interaction between group, language, and semantic response switch was significant, F (1, 38)= 11.721, p =.001. Fig. 1B shows the graphical representation of this three-way interaction. It is apparent that on semantic switch trials in the newly learned language, the monolinguals actually speed up their response times, whereas bilinguals are slowed; this may suggest that the two groups are using different processing mechanisms to manage newly learned words.
fMRI within-group analyses
A one-way ANOVA modeled pairwise comparisons of all three word-class conditions (GC, GN, E) in each group (bilinguals and monolinguals). An additional pairwise contrast was created to compare activation across both German conditions, total German activity (G), to English (E) and vice versa. In the monolingual group only two pairwise contrasts showed significant activity (E>G and G> E) at a threshold of p b .001, uncorrected. In the English> German contrast, modest activation was seen in only one area at the border of the left inferior parietal and temporal lobes, corresponding to the angular gyrus (left peak Z = 3.29, 5 voxels). There was considerably more activity overall in the German > English condition. Significant activity was present in a left superior parietal region (precuneus) extending bilaterally (left peak Z = 6.3, 523 voxels) and in bilateral inferior frontal cortex (left peak Z= 4.92, 388 voxels; right peak Z = 4.85, 95 voxels). There was also significant activation of the left caudate (left peak Z = 4.34, 330 voxels) extending bilaterally and the left posterior cingulate (left peak Z= 3.81, 9 voxels). Additionally, there was activity in the right inferior parietal lobe (BA 39) (right peak Z= 4.28, 41 voxels) and the left dorsal medial frontal gyrus at the location of the SMA extending bilaterally (left peak Z = 4.63, 180 voxels). Coordinates and statistics can be seen for all regions of activation in Table 2 and images in Fig. 2 .
In the bilingual group, at a threshold of p b .001, uncorrected, there was no activity in the English > German condition, or either contrast comparing English to German cognates or noncognates alone. However, there was robust activation in the overall German > English condition. Activity in the bilingual group for this contrast (G > E) was more localized compared to the monolingual group, which had bilateral activation of most areas (i.e., inferior frontal, parietal, posterior cingulate, SMA, and caudate). The bilingual group showed left sided activity in both inferior frontal (left peak Z = 4.09, 75 voxels) and inferior parietal (left peak Z = 3.78, 20 voxels) regions. There was modest bilateral activity in posterior cingulate regions (see Table 2 and Fig. 3 ).
fMRI between-groups analyses
Small volume correction was used to do a region of interest analysis on the results obtained from a full-factorial 2 × 3 ANOVA, with language (monolingual and bilingual) as the between-groups factor, and word type (German cognate, German noncognate, and English) as the within-groups factor in order to evaluate five brain regions within the cognitive control literature (DLPFC, SMA, ACC, striatum, and inferior parietal cortex). When comparing monolinguals to bilinguals in response to all learned German words (M > B, G) activity was seen in right DLPFC (right peak t = 3.64, 38 voxels, p fwe = .01) and right SMA (right peak t = 3.32, 30 voxels, p fwe = .035). Left-sided activity was also seen for this contrast in the ACC (left peak t = 3.24, 175 voxels, p fwe = .001) and striatum, specifically the caudate (left peak t = 3.23, 86 voxels, p fwe = .046). The reverse of this condition, which compared bilinguals to monolinguals for all German words (B > M, G), showed activity that was significantly more localized. Out of the five regions of interest evaluated, only the left striatum, specifically the putamen, was active for bilinguals in response to German words (left peak t = 3.89, 96 voxels, p fwe = .006), whereas four of the regions of interest were active in monolinguals in response to German words (DLPFC, SMA, anterior cingulate, and caudate).
When all learned words were separated into cognates and noncognates, monolinguals showed activity in the right DLPFC in response to German cognates (M> B, GC), whereas bilinguals showed no activity in any of the five pre-specified regions in the same contrast (B> M, GC). However, bilinguals showed specific activity in response to German noncognates where monolinguals did not show any activity. In the bilingual versus monolingual German noncognate condition (B> M, GN), there was localized activity in the left putamen. These between-subjects results can be seen in Table 3 and Fig. 4 .
Discussion
The purpose of this study was to test whether bilingual adults activate components of the cognitive control network differently or Fig. 1 . A) Average reaction times (RT). Simple effects of word class showed that monolinguals were significantly faster at processing English than German cognates or noncognates (p b .025). Simple effects of group showed that despite being more proficient in English, monolinguals were not significantly faster than bilinguals on English trials. Bilinguals were significantly faster than monolinguals on both German cognates and noncognates (p b .017). B) Three-way interaction of group * language * response switch on RT. Graphical representation of the significant three-way interaction of group, language, and response switch category on reaction time. E = English, G = German, NR = no response switch, RS = response switch. C) Percent accuracy on semantic decision task. There was no main effect of group or an interaction effect. The main effect of word type was significant, such that percent accuracy on English trials was different from German cognate trials and German noncognate trials. more efficiently when learning new vocabulary than monolinguals, who do not have the experience of managing multiple languages. Results of both the imaging and behavioral data obtained shed light on the differences between monolinguals and bilinguals in the processing of newly learned vocabulary. Between-groups differences revealed that monolinguals showed activation of right DLPFC, right SMA, left ACC, and left caudate (Table 3) , in response to newly learned German words. However, bilinguals showed activity more localized to the left striatum, specifically the putamen, in response to newly learned words. This between-groups analysis confirms that monolinguals activate a more broadly distributed, bilateral set of regions implicated in the cognitive control of language compared to bilinguals, whose activity is more subcortically localized in a motor control region. The monolinguals' more distributed activation in cognitive control regions (DLPFC, SMA, ACC, and caudate) suggests that this group worked harder to access lexico-semantic information during the scanner task; however, due to the design of this study, we cannot be sure at this point if this difference results from difficulty in language retrieval or inhibition and monitoring. Abutalebi and Green (2007) propose that the prefrontal cortex is recruited in situations where language retrieval is not automatic and requires greater cognitive control. Specifically, the DLPFC is required for response selection and inhibition of competing responses, while the ACC is active during error detection and conflict monitoring (Abutalebi and Green, 2007) ; both the DLPFC and the ACC were activated in the M > B, G condition; therefore, it cannot be definitively concluded what is driving monolinguals' increased activation of the cognitive control network. Abutalebi et al. (2012) recently found that the ACC specifically, is differentially activated and recruited in bilinguals compared to monolinguals. They found that bilinguals more efficiently activated this region, resulting in decreased activity in the area compared to monolinguals, who more strongly recruited this area in domain-general and language specific control tasks. This supports out finding that monolinguals did in fact require stronger activation of this area in a cognitive control heavy task.
The conclusion that monolinguals and bilinguals differ in their control of language is further supported by the behavioral reaction time data. Given that the monolinguals were more proficient in English according to BNT scores (see the Behavioral data section), in theory, this group should have produced faster responses overall to English words in the semantic task. However, this hypothesis was not supported. Simple effects analyses of group did not show that monolinguals were faster than bilinguals at responding to English words (Table 1 ). The bilingual group actually trended towards being significantly faster than monolinguals at responding to English stimuli. Further simple effects analyses also showed that bilinguals were faster than monolinguals at responding to all newly learned words, both cognates and noncognates. Additional post-hoc analyses used Coordinates are listed in MNI space. Within-group results used a threshold of p, uncorrected .001, with a minimum of 5 voxels per cluster (k). Significant sub-peaks included if peak p FWE-corr b .05.
Fig. 2. Monolingual group activation (G > E)
. Within-group results used a p threshold, uncorrected .001, with a minimum of 5 voxels per cluster. Fig. 3 . Bilingual group activation (G > E). Within-group results used a p threshold, uncorrected .001, with a minimum of 5 voxels per cluster.
to determine the influence of other factors within the event-related design on reaction time showed that there was a three-way interaction between group, language, and semantic response switch. Investigation of this interaction revealed that the difference in reaction time on semantic response switch trials compared to no-switch trials between German and English words was significant for bilinguals compared to monolinguals. In Fig. 1B , it is apparent that monolinguals' reaction times significantly increased from English to German trials; however, their responses to newly learned German words were actually quickened when a semantic response switch was required. This differed from the pattern evident in bilinguals' reaction times. The bilingual group was mildly slowed in response to newly learned German words compared to English words; however, their reaction times did not significantly increase until a response switch was required. This difference in reaction to the semantic response switch can be taken as an indication that monolinguals may be using a higher-level, more explicit semantic strategy during the task relative to bilinguals. It is possible that by paying very close attention to the semantic category in which each word falls, monolinguals may be anticipating the semantic switch; therefore, when the semantic category does switch, there could be a release of inhibition so that their response time is actually faster. The bilinguals may not be relying as much on this more explicit, higherlevel semantic strategy to guide their responses. They may have made more direct links between the newly learned German words and known English words, which is a more motor controlled pairedassociate type of process, possibly mediated by phonological or articulatory processes. Hence, a semantic response switch leads to slowing by bilinguals due to the interference of attending specifically to the semantic category. As the design of this study was not to specifically examine the effects of semantic response switch and language switch, this interpretation should be viewed conservatively. These are preliminary findings, and future studies are needed to more closely tease apart the influences of semantic response switch and language switch on cognitive control mechanisms activated in the early stages of foreign word learning. The more distributed activation pattern displayed by monolinguals, as well as slower behavioral reaction times suggests that monolinguals' processing of newly learned vocabulary information is more effortful than bilinguals'. Additionally, the bilingual group showed activation of the left putamen, whereas monolinguals activated the left caudate in addition to other cognitive control regions. Abutalebi and Green (2007) propose that the basal ganglia are vital to the cognitive control of language. These subtle differences in striatal and prefrontal activation may further suggest that monolinguals and bilinguals utilize different mechanisms of language control during the early stages of word learning. In the language literature, the putamen is often associated with motor processing (Menon et al., 2000; Wildgruber et al., 2001; Wise et al., 1999) , particularly for late learned words in bilinguals (Hernandez and Fiebach, 2006) . Abutalebi et al. (in press) found that trilinguals in particular have increased gray matter density in the left putamen, which suggests greater plasticity in this region for enhanced articulatory processing. Similar to Hernandez and Fiebach's (2006) finding of increased putamen activity for late learned words, Abutalebi et al. (in press) also found that this increased putamen activation only occurred in multilinguals' later learned, less proficient language, as there is a greater articulatory burden for producing words just introduced into the lexicon, which requires greater motor control. From these studies, it is clear that the putamen plays Coordinates are listed in MNI space. Small volume correction was used to isolate activity in five pre-specified regions of interest (DLPFC, SMA, anterior cingulate, striatum, and inferior parietal cortex). Statistics were only reported when the peak-level threshold, FWE controlled, was less than or equal to .05. a significant role in the motor control of language, possibly through phonological and articulatory processes. Therefore, in the current study, bilinguals' greater activation of the putamen in response to newly learned German words in addition to their pattern of reaction times related to German words and semantic response switches suggests that this group may be relying more heavily on a motor control system to aid the mapping of a new word to a known word in English. It appears that the direct connection between the newly learned German word and an English word, which is already in their lexicon, relies heavily on an articulatory motor process. The semantic category may be more directly linked to the known English word for this group, so that access to category information is less effortful, even for newly learned words. However, when the semantic category changes, the switch may interfere with the bilinguals' motor control strategy, resulting in slower reaction times on semantic response switch trials. This may confirm why bilinguals fail to respond significantly slower to German words on trials without a semantic response switch (Fig. 1B) . The influence of semantics plays a different role in monolinguals. Specifically, they do not experience this interference because they may already be using a higher-level cognitive strategy in which the semantic category is actively attended to. The monolinguals' lack of putamen activity and their intense activation of other cognitive control regions, including the caudate, DLPFC, ACC, and SMA may suggest that this group might be using a different, higherlevel method of language control for newly learned words. This theory that monolinguals rely on a higher-level cognitive control of language compared to bilinguals, who utilize a more articulatorybased motor control can be closely linked to the work of Ashby and Crossley's (2012) discussion of automaticity and memory systems, where activation of the caudate versus the putamen signifies a difference in the neural mechanism of learning. In Ashby and Crossley's (2012) study, participants learn to either explicitly or implicitly map a motor response to a particular stimulus in a category discrimination task. Their assertion that the putamen mediates procedural learning, while the caudate is involved in more explicitly learned tasks, parallels findings within the bilingual literature. Abutalebi and Green (2007) conclude that the putamen is vital to bilingual language management, specifically during phonological and articulatory tasks, processes that are generally learned through daily use of language and not bound by explicitly outlined rules. Alternatively, the caudate has been found to be involved in more cognitive tasks involving working memory and explicit, rule-based learning (Ashby and Crossley, 2012; Chee, 2006) . Chee (2006) suggests that the caudate is involved in classifying linguistic stimuli to ensure contextually meaningful responses, which supports the current study's findings that monolinguals utilize this region, in addition to other cognitive control regions (DLPFC, ACC, and SMA) to cognitively map a new German word onto a known English word in an effort to retrieve the correct semantic response. Bilinguals however, utilized a more motor-control based processing strategy that might allow for a more direct link to be made between a newly learned word and a known word. It may be that the bilinguals' life experience managing multiple languages made their use of a more motor-based processing strategy more familiar, and thus more automatic to retrieve semantic category information, while the monolinguals were less equipped to handle the difficulty of the semantic task after having had such little time to learn the new German words. Their more cognitively based strategy and increased attention to semantic category may have been less efficient in the early stages of word learning.
While it is clear from the imaging and behavioral data that the groups showed differences in their activation of the cognitive control network, the within-group analyses also showed similarities in the pattern of activation both groups displayed in response to newly learned words, suggesting that regardless of language experience, learning novel vocabulary is difficult as an adult. In the within-group analyses, both monolinguals and bilinguals showed increased activity for newly learned German words relative to English words (G> E conditions). In the German> English conditions (Table 2) , for both monolinguals and bilinguals, there was significant activation in language related inferior frontal, inferior parietal, and cingulate regions. However, in the English> German contrasts, only monolinguals showed activity in the angular gyrus (BA 39), while the bilingual group showed no activation. This is consistent with literature showing that the brain engages more broadly distributed neural mechanisms for later acquired languages (Vingerhoets et al., 2003) or in response to a less proficient language (Meschyan and Hernandez, 2006; Perani and Abutalebi, 2005) . De Bleser et al. (2003) concluded in their review that there is generally less activation of language related areas in the left temporal lobe and more widespread contribution of other areas in response to low proficiency in a language. Abutalebi and Green (2007) propose that the prefrontal cortex is recruited in these situations where language retrieval is less automatic and requires greater cognitive control. This supports our results showing activation of the angular gyrus, near the superior temporal sulcus, in response to accessing lexico-semantic information related to English words, the most proficient language for monolinguals, in comparison to the inferior frontal, parietal, and cingulate regions activated in response to German words, the newly introduced language.
The behavioral reaction time data also display patterns consistent with greater difficulty processing newly learned vocabulary information. As expected, there was a general pattern in the reaction time data consistent with the cognate facilitation effect identified in previous research de Groot and Keijzer, 2000; de Groot and Nas, 1991; Dijkstra et al., 2010; Lotto and de Groot, 1998; Raboyeau et al., 2010; Tonzar et al., 2009) in which newly learned cognates were processed faster or presumably more easily than noncognates (Fig. 1A) , but slower than the native language. However, further simple effects analyses of the significant interaction between group and word type showed that the cognate facilitation effect was not entirely present. Pairwise comparisons of German cognates to English words were significant (p b .025, α EW = .05) for monolinguals (p b .0001) and only approached significance in bilinguals (p b .0412), but there was no significant difference between noncognates and cognates in either group. This may be a result of the short learning period, or the undirected flashcard learning approach where the auditory presentation of words was not given. It is possible that if word pronunciations were provided, learners may have been more attuned to the phonological similarities between stimuli. Regardless, there was a significant effect of word type in monolinguals in which English was processed faster than either German cognates or noncognates, with this same pattern approaching significance in bilinguals. Therefore, it can be concluded that learning novel vocabulary is difficult for both groups, as they both showed distributed activation in inferior frontal, parietal, and cingulate regions and had slower reaction times for newly learned words compared to English, the native language for monolinguals, and the second language for bilinguals.
The above discussion of the imaging and behavioral results suggests that the bilingual brain is more prepared through experience managing multiple languages to cope with the demands of interpreting newly learned words by accessing the most efficient neural pathways to control the process, allowing bilinguals easier access to motor control regions to process lexico-semantic information. Monolinguals required a more cognitively based network that included areas of the prefrontal cortex and the caudate. The areas of activation in this study further support that over the entire task, monolinguals experienced greater difficulty with the task, which required recruitment of cognitive control regions, whereas bilinguals activated regions related to more direct phonological and articulatory motor processes, which may have aided in their quicker response times. These results suggest that learning novel vocabulary is difficult for both groups as evidenced by the more distributed brain network that included subcortical control regions in both groups; however, the difference between groups in these prefrontal and subcortical networks suggests that this difficulty in processing early lexico-semantic information may be approached in different ways, either at a higher cognitive level, or at a lower, more automatic motor level, based on the experience one has managing multiple languages.
Conclusion
In conclusion, this study supports the idea that adults learning novel vocabulary may employ different regions within the control network as a result of their experience managing previously learned languages in which they are proficient. Our results showed that adult monolinguals activated a set of prefrontal cortical control regions in addition to the caudate, suggesting a higher-level cognitive mode of control. Bilinguals demonstrated more localized activity within the subcortical striatum, specifically the putamen, which is responsible for phonological and articulatory processes, suggesting a more motor-based mode of control. These differences in activation suggest that individuals who have experience managing multiple languages may more efficiently access specific cognitive control regions associated with more direct motor processing to pair a newly learned word with one already in the lexicon, as opposed to struggling before activating the semantic category. While activation patterns suggested that processing the newly learned German words was difficult for both groups, the bilinguals seemed better prepared to recall the newly learned vocabulary in a difficult task by utilizing a more automatic, direct processing route until a semantic switch requiring higher-level cognitive processes interfered with this processing. The monolinguals' higher-level processing actually sped up their response on semantic category switch trials, further supporting the idea that the two groups utilize different types of control.
More investigation is required given the paucity of research examining the development of cognitive control mechanisms in language acquisition. This study provides the foundational information that monolinguals and bilinguals activate different components of the control network during the early stages of novel word learning, possibly due to their different lifelong experiences managing just one or multiple languages. Future studies will be required to examine the specific contributions of language switch and response switch that might have influenced the activation of control regions in these groups. Additionally, it will be important to evaluate the connectivity of these regions and how activation of this control system develops as proficiency in a new language improves.
